Introduction {#Sec1}
============

Posture maintenance of the arm is achieved using both muscular (intrinsic) and afferent (reflexive) contributions. Intrinsic muscle visco-elasticity increases with muscle activation levels (Agarwal and Gottlieb [@CR1]), and co-activation (i.e., co-contraction) of muscles is an effective although energy consuming method of posture maintenance. Reflexive properties are determined by afferent feedback from sensory organs including muscle spindles (motion), Golgi tendon organs (force) and tactile receptors (touch and pressure). Reflex responses occur only after a perturbation, making reflexive feedback more energy efficient compared to co-activation. However, due to inherent neural time delays associated with afferent feedback, the effectiveness is limited (Schouten et al. [@CR30]). Under normal conditions, both mechanisms are balanced to maintain posture.

While the intrinsic muscular contribution to posture maintenance is well understood, the contribution of reflexes remains a continued focus of research. Experimental studies have shown that the reflexive contribution to posture maintenance depends on several factors, viz., muscle activation (Matthews [@CR20]; Kirsch et al. [@CR16]; Cathers et al. [@CR5]), disturbance amplitude (Kearney and Hunter [@CR14]; Sinkjaer et al. [@CR31]; Stein and Kearney [@CR33]; Cathers et al. [@CR4]), the mechanical properties of the device with which the subject interacts (de Vlugt et al. [@CR7]), task instruction (Akazawa et al. [@CR2]; Doemges and Rack [@CR9]; Dietz et al. [@CR8]; Mugge et al. [@CR23]) and the bandwidth of the perturbation signal (van der Helm et al. [@CR36]; Schouten et al. [@CR30]; Mugge et al. [@CR23]). Although these studies provide valuable insight into the afferent contribution to posture maintenance, the differences in experimental procedures make it difficult to compare results. In particular, the effect of perturbation type (force vs. position) is difficult to assess as it is inherently linked to the task instruction; position perturbations are used for force tasks and force perturbations are used for position tasks. The opposing nature of these task-perturbation combinations results in different reflexive behavior in both single (Akazawa et al. [@CR2]; Doemges and Rack [@CR9]) and multi-joint systems (Perreault et al. [@CR25]).

The goal of this study is to explore the effect of perturbation type on reflexive feedback by using a harmonized task instruction across both position (PP) and force perturbations (FP). Any differences between the two would help identify either task or perturbation as the primary factor in the different observed reflex behaviors in the literature. Subjects performed electromyographical (EMG) biofeedback tasks (ET) representing desired co-contraction levels in the face of both perturbation types.

EMG biofeedback is a technique used for (re)learning of motor control in rehabilitation settings (Basmajian [@CR3]; Holtermann et al. [@CR11]). Subjects are provided with instantaneous feedback on the activity of measured motor units and instructed to perform various control tasks. Cathers et al. used EMG biofeedback as a task instruction to evaluate the effect of amplitude and bandwidth of stretch and voluntary muscle activation on the magnitude and timing of stretch reflexes in the flexor carpi radialis (Cathers et al. [@CR4], [@CR5]). Subjects had to maintain specified levels of muscle activation while being exposed to position perturbations stretching the muscle. This flexion-only use of wrist muscles effectively made this task equivalent to a force task linked to a position perturbation. The task instruction proposed in the present study uses EMG biofeedback as a representation of co-contraction of antagonist shoulder muscles making this effectively a bi-directional stiffness task. Such an approach mediates the investigation of the effects of both muscle co-contraction level and perturbation type on muscular and reflex properties. Random continuous disturbances were applied to the arm, and system identification in the frequency domain was performed. Frequency response functions were estimated to capture the arm dynamics, and a neuromuscular control model was used to parameterize the physiological behavior in the form of intrinsic and reflexive components.

The effect of using EMG as a task instruction (ET) during force perturbations (FP) was first investigated by comparison to a position task (PT). Second, the effect of muscle (co-)activation level was investigated, a known influential factor on reflexes. Although this effect has been identified previously using position perturbations (i.e., force tasks), the effect has yet to be confirmed during force perturbations and under EMG biofeedback. Thirdly, the effect of perturbation type during this task was evaluated by applying a position perturbation to subjects which mimicked the position recorded during the force perturbations without informing the subjects that any change was made.

Materials and methods {#Sec2}
=====================

Subjects {#Sec3}
--------

Ten healthy subjects (nine male) with an age range of 23--33 years having no self-reported history of neurological disorders or upper extremity injuries participated in these experiments. The experiment was in accordance with the Declaration of Helsinki, and all subjects gave informed consent prior to the experiment. All tests were performed on the right arm.

Apparatus {#Sec4}
---------

Subjects were seated in a comfortable upright posture, holding the handle of the manipulator (see Fig. [1](#Fig1){ref-type="fig"}) with an elbow flexion of 90° (i.e., the reference position). The manipulator moved in forward and backward directions generating anteflexion and retroflexion of the glenohumeral joint (Wu et al. [@CR37]). Details of the electro-hydraulic manipulator were described previously (Ruitenbeek and Janssen [@CR27]; van der Helm et al. [@CR36]). The manipulator could be position controlled or force controlled. During position control, the manipulator followed the prescribed motion regardless of the subject's resistance. During force control, the force measured between the handle and the actuator (i.e., the force imposed on the system by the subject) was used to generate the motion via a virtual mass-spring-damper system. In other words, the handle felt like a mass-spring-damper system to the subject. For this study, a virtual mass of 1 kg, a damping of 0 N/ms and a stiffness of 160 N/m were used. Visual feedback was given on a 17-inch monitor mounted in front of the subject, where the signal presented matched the task.Fig. 1Experimental setup showing a subject seated on a chair holding the handle with the *right hand*. The hand force, *f*~*h*~(*t*), applied to the manipulator is measured by a force transducer mounted between the handle and the piston. The manipulator controls the position of the handle, *x*(*t*), based on the sum of the hand force, *f*~*h*~(*t*), external force disturbance, *d*(*t*), and the simulated virtual dynamics (environment)

Voluntary force experiments {#Sec5}
---------------------------

Isometric push--pull tests were used to determine the static EMG-to-force ratio, providing a relative measure of the muscle force, following previously described procedures (Schouten et al. [@CR29]). Visual feedback of the force was given to motivate and assist the subject. A maximum voluntary contraction test was performed first. Following a 5-min break, subjects had to push or pull to fifteen different force levels (0 and ±10, 15, 20, 25, 35, 50, 70 N) and maintain the levels for 10 s. These test series were conducted before and after the main experiments, and the average of the two was used for signal interpretation.

Main experiments {#Sec6}
----------------

### Task instruction and test protocol {#Sec7}

The main experiment consists of multiple tasks, lasting 30 s each, while continuous force (FP) or position perturbations (PP) were applied. Additionally, tasks were performed with no perturbation (NP). The instructions associated with each task were as follows:Position task (PT): subjects were instructed to "minimize displacement", while FP were applied. Visual feedback of the handle position was presented together with a horizontal line indicating the reference position.EMG task (ET): subjects were instructed to match the displayed EMG co-activation signal (see "[Analysis](#Sec9){ref-type="sec"}") to a target level which was displayed as a horizontal line. Four target levels were defined: 40, 70, 100 and 120% of the EMG co-activation signal recorded during PT. Three perturbations were applied during the performance of this task: FP, PP and NP.Relax task (RT): subjects were instructed to "relax" as much as possible, while exposed to a FP. The monitor was switched off to remove visual feedback. This task was included to improve the estimate of the arm mass.

The experiment is summarized in Table [1](#Tab1){ref-type="table"}. The PT and RT trials were conducted first in order to generate the reference co-activation levels required for all ET. The ET_FP trials were mixed randomly with half of the ET_NP trials and performed first. The displacement measured during the ET_FP trials was then used as the disturbance for the ET_PP trials (see "[Perturbation signals](#Sec8){ref-type="sec"}"). These were performed mixed with the second half of the ET_NP trials in a random order. During ET trials, subjects were not informed on the type of disturbance (FP, PP or NP). Each test was performed four times resulting in 56 trials.Table 1Experimental matrix summarizing task instruction and perturbation characteristicsConditionTaskEMG co-act (%) (ET level)PerturbationTypeRMS amp. (mm)PT_FPPositionN/AForce3.5^a^RT_FPRelaxedN/AForce3.5ET_FPEMG40/70/100/120Force3.5ET_NPEMG40/70/100/120None0ET_PPEMG40/70/100/120Position3.5^a^3.5 mm was the desired displacement

For all ET trials, subjects were instructed as a precondition to co-contract their muscles to the level required. The handle was locked prior to the start of the trial to prevent drift, and ET trials were started only when the absolute handle force was less than 3 N in order to preclude unidirectional muscle contraction strategies. The 160 N/m stiffness included in the manipulator helped to prevent drift during the actual experiment. ET trials are described in the remainder of the article as ET_FP~40~, ET_FP~70~, ET_FP~100~ or ET_FP~120~, where PP replaces FP for position perturbation trials.

### Perturbation signals {#Sec8}

One perturbation signal was used as the disturbance in all FP trials with the exception of RT trials. The signal had a rectangular power spectrum with dominant power over a bandwidth of 0.5--1.5 Hz and was composed of multiple sinusoids, i.e., a multi-sine signal (Pintelon and Schoukens [@CR26]). This was supplemented with a reduced power region according to methods developed by Mugge et al. ([@CR22]). The reduced power region (1.5--20 Hz) also had a rectangular spectrum and was designed to have 20% of the power in the dominant power region. Such an approach facilitates system identification over the whole bandwidth of 0.5--20 Hz while eliciting responses adapted to low bandwidth perturbations, which enhances reflexive contributions (van der Helm et al. [@CR36]; Schouten et al. [@CR30]). Frequency averaging of four adjacent points was used for estimating the frequency response functions (see "[Analysis](#Sec9){ref-type="sec"}"), resulting in only four clusters of four adjacent frequencies in the full-power region and 23 clusters in the reduced power region. The perturbation signal used in RT trials had a bandwidth of 0.5--20 Hz consisting of 32 evenly distributed clusters with equal power.

PP signals were based on the measured average displacement of the four repeated FP trials at each specific ET level. In this way, the displacement for the position and force perturbations was equivalent at each ET level.

All signals were 30 s in length and had a sample frequency of 2,500 Hz. For analysis, approximately 4 s was removed from the beginning of all recorded data to avoid the inclusion of any transient effect. This resulted in a signal length of 2^16^ samples (\~26.2 s) and a frequency resolution of approximately 0.038 Hz.

To compare the different conditions and to justify a linear modeling approach, the position deviations were kept within a consistent and limited range. For trials using FP, the magnitude of the force disturbance was scaled for each subject and each condition to ensure a root-mean-square (RMS) value for the position of approximately 3.5 mm. This scaling was obtained prior to the actual experiments.

Analysis {#Sec9}
--------

### Data recording and processing {#Sec10}

During each trial, the handle position *x*~*h*~(*t*), handle force *f*~*h*~(*t*), disturbance force *d*(*t*) and EMG were recorded at 2.5 kHz. The EMGs of four relevant shoulder muscles, two anteflexors (m. pectoralis major and m. deltoideus anterior) and two retroflexors (m. deltoideus posterior and m. latissimus dorsi) were measured with differential surface electrodes (Delsys Bagnoli System, Delsys, Boston, USA). Before digitizing, the EMG signals were preamplified and bandpass filtered (20--450 Hz).

The EMG signals were used for two purposes: (1) real-time biofeedback of muscle co-activation (i.e., co-contraction) c~a~(*t*) during ET and (2) construction of a muscle activation signal *a*(*t*) for system identification.

For biofeedback, the four individual signals were online high-pass filtered (5 Hz), rectified, normalized to their separate PT means and low-pass filtered at 0.3 Hz (second-order Butterworth). The co-activation c~a~(*t*) was defined as the average of the four muscle signals. A cutoff of 0.3 Hz was chosen to minimize visible variations in the biofeedback signal due to reflexes evoked by the perturbations and thus preventing subjects from possibly reducing reflexive feedback. Lower cutoff frequencies resulted in slow responses of the biofeedback signal and poor task performance. The normalized activation signal of each muscle, as well as the paired anteflexor and retroflexor normalized activation signals, was also analyzed to assess task performance and task implementation.

The muscle activation signal *a*(*t*) estimates the net amount of force generated using the EMG signals and EMG-to-force ratios, and is described in detail in Schouten et al. ([@CR29]). A brief description is provided in "[Appendix 1](#Sec27){ref-type="sec"}".

### Non-parametric system identification {#Sec11}

The four repetitions of each test were averaged in time to reduce the effects of noise. The admittance and reflexive impedance frequency responses functions (FRF) were then estimated in the frequency domain using system identification techniques described in detail by van der Helm et al. ([@CR36]) and Schouten et al. ([@CR30]). In general, FRFs describe the input--output relationship of a system as a function of frequency. At any frequency, the gain indicates the magnitude of the output relative to the input, and the phase indicates the timing of the output relative to the input. The admittance describes the displacement (*x*~*h*~) of the arm due to an input force (*f*~*h*~) and represents the inverse of the limb impedance. The reflexive impedance describes the muscle activation (*a*) due to the handle displacement (*x*~*h*~) and reflects the afferent feedback. For FP trials, interaction between the subject and manipulator exists and closed loop algorithms were required to estimate the FRFs according to:$$\documentclass[12pt]{minimal}
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                \begin{document}$$ \hat{S}_{dx} (f) $$\end{document}$ represents the estimated cross-spectral density between the disturbance *d* and the handle position *x*~*h*~. The cross-spectral densities are averaged across four adjacent frequencies to improve the estimate (Jenkins and Watts [@CR13]). For all PP trials, standard open loop algorithms were used to estimate the FRFs, i.e., *d* was replaced by *x* in Eqs. [1](#Equ1){ref-type=""}--[2](#Equ2){ref-type=""}.

The estimation of FRFs assumes linearity between the input and output signals, which was evaluated for both FP and PP by calculating the coherence according to:$$\documentclass[12pt]{minimal}
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### Parameter estimation of neuromuscular model {#Sec12}

A neuromuscular model was employed to identify the physiological relevant parameters underlying the experiments (Schouten et al. [@CR30]; Mugge et al. [@CR23]). The model facilitates the quantification of proprioceptive reflexes, muscle parameters and mass; see "[Appendix 2](#Sec28){ref-type="sec"}" for details regarding the model along with a figure depicting the model structure. The muscle parameters include muscle stiffness and damping (*k* and *b*) as well as hand grip stiffness and damping (*k*~*h*~ and *b*~*h*~). The proprioceptive reflex parameters include position, *k*~*p*~, velocity, *k*~*v*~, and acceleration, *k*~*a*~, feedback gains as well as neural time delay, *t*~*d*~. The acceleration term captures the observed second-order (acceleration) dynamics observed in the reflexive impedance, which is an artifact of the linearization of the unidirectional muscle spindle velocity, rather than a distinct sensory function (Kukreja et al. [@CR17]; Stienen et al. [@CR34]; Schouten et al. [@CR30]). Muscle activation dynamics were implemented as a second-order model using parameters obtained from previous studies (Schouten et al. [@CR30]).

Preliminary model fits included force feedback; however, the gain tended to approach zero for all conditions. In cases where *k*~*f*~ was estimated to be other than zero, the results showed poor model validation and high parameter sensitivity. For these reasons, the contribution of force feedback was considered negligible or unquantifiable and was therefore excluded in the final estimations.

The parameters (*τ*~*d*~, *m*, *b*, *k*, *b*~*h*~, *k*~*h*~, *k*~*p*~, *k*~*v*~, *k*~*a*~) were identified by fitting the model on the estimated FRF of the mechanical admittance and reflexive impedance (Eqs. [1](#Equ1){ref-type=""}--[2](#Equ2){ref-type=""}) simultaneously, using the criterion function below:$$\documentclass[12pt]{minimal}
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The parameters were first estimated for the PT and RT results simultaneously, where the mass was equivalent across these two conditions and reflex gains were assumed to be zero in the RT condition. The values for arm mass and time delay were then fixed and used in estimating remaining intrinsic and reflexive parameters in ET conditions, where the ratio between intrinsic arm parameters, *b* and *k*, was fixed compared to PT conditions. A similar assumption was made for the hand grip parameters (*b*~*h*~ and *k*~*h*~).

### Model validation {#Sec13}

Validity of the estimated model parameters was assessed using the variance accounted for (VAF). VAF describes how much of the variance of the measured time signal is captured by the model, where 100% reflects a perfect relation. The estimated parameters were used to obtain simulated position $\documentclass[12pt]{minimal}
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### Statistical analysis {#Sec14}

The effects of EMG level and perturbation type on the mean of the combined EMG co-activation signal (*c*~*a*~), the mean of the individual EMG signals and the estimated parameters were evaluated using a repeated-measures ANOVA. Similarly, these effects on the mechanical admittance and reflexive impedance were evaluated for significance on their gain and phase at each frequency point. In addition to the ANOVAs, a paired Student's *t* test was used to evaluate the effect of task type (PT vs. ET_FP~100~). A significance of 0.05 was used for all analyses.

Results {#Sec15}
=======

Task performance and implementation {#Sec16}
-----------------------------------

Figure [2](#Fig2){ref-type="fig"} presents a ten-second time segment of a typical subject's response during PT, ET_FP~100~ and ET_PP~100~. Despite having similar displacement amplitude and co-activation, the handle force is smaller for both ET conditions, indicating an increased admittance (i.e., less stiff). The co-activation signal demonstrates the subject's ability to effectively perform the task for both perturbations, maintaining a prescribed level of muscle activity in the ET, which in these co-activation equivalent conditions matches the measured mean response during PT trials. Subjects were capable of maintaining relatively constant co-activation levels throughout all ET trials (FP, PP and NP). The variation (i.e., standard deviation) of the co-activation signal within the ET_FP~100~ trials was only 30% of that measured in PT. No significant difference within the variation of the co-activation signal could be found when comparing perturbation types (i.e., FP vs. PP); while the presence of either perturbation resulted in a 4% increase in variation compared to NP (*P* \< 0.05). Additionally, the variation of the co-activation signal increased with ET level (*P* \< 0.05).Fig. 2Time domain results of a typical subject during PT (*thick grey*), ET_FP~100~ (*solid black*) and ET_PP~100~ (*dashed black*), showing **a** the measured force *f*~*h*~, **b** the measured position *x* and **c** the co-activation signal *c*~*a*~. The measured force during ET_FP~100~ was almost identical and is difficult to differentiate in the figure. Also, the measured position during ET_FP trials was used as an input for ET_PP trials and was therefore not plotted for ET_PP~100~

Figure [3](#Fig3){ref-type="fig"} (top) plots the group averaged mean muscle activity signals during ET_FP trials of the combined anteflexors and retroflexors, as well as the total co-activation signal relative to the PT, at all ET levels. The results show an even distribution of anteflexor and retroflexor activity used to generate the co-activation signal across all subjects. A significant effect (*P* \< 0.001) of ET level was seen in all muscular signals (both combined and individual) which increased with ET level. No significant effect could be attributed to perturbation type (FP, PP or NP). The low standard deviation of the co-activation signal indicated that all subjects performed the task effectively. The standard deviations of the anteflexors and retroflexors were larger, indicating that subjects could favor specific muscles to generate the co-activation signal.Fig. 3Mean muscle activity signals plotted against co-activation (i.e., ET level) during ET_FP trials. In both plots, the *thin dash*-*dotted grey line* indicates where the measured signals are equal to the task condition and the *thin horizontal dashed grey line* represents the task level for ET~100~ as defined by PT. **a** Group averaged mean of co-activation, anteflexor and retroflexor muscle activity signals. **b** A signal subject mean muscle activity signals of individual muscles (af1 = m. pectoralis major, af2 = m. deltoideus anterior, rf1 = m. deltoideus posterior and rf2 = m. latissimus dorsi)

Evaluation of individual subject responses revealed the presence of muscle favoring in most of the subjects (8 of 10). Figure [3](#Fig3){ref-type="fig"} (bottom) plots the individual muscle responses from a subject with a preference toward the use of pectoralis major. For this subject, the favored muscle makes up consistently \~40% of the total co-activation signal. Consistent favoring was also observed across perturbation types. Interestingly, the occurrence of muscle favoring did not result in position drift throughout FP trials.

Non-parametric frequency response functions {#Sec17}
-------------------------------------------

Figure [4](#Fig4){ref-type="fig"} presents the mechanical admittance and reflexive impedance FRFs of a typical subject during PT and ET trials when subjected to FP. The mechanical admittance of the shoulder joint resembles a second-order system, i.e., a mass-spring-damper system. The low-frequency response (flat gain and no phase lag) is spring-like due to intrinsic and reflexive properties. The high-frequency response (i.e., decreasing gain and 180° phase lag) is dominated by the inertial properties of the arm. The intermediate frequency response (i.e., the oscillatory peak at the eigenfrequency) is due to viscous intrinsic and reflexive properties. The reflexive impedance is influenced by the velocity feedback (slope of +1 in the gain and 90° phase lead for all frequencies), position feedback (flat gain at low frequencies and 0° phase) and a time delay (0° at 0 Hz and increasing phase lag with frequency). The coherence of the mechanical admittance and reflexive impedance was similar to those reported previously for position tasks performed with this setup (Schouten et al. [@CR30]), thereby justifying the use of linear identification techniques.Fig. 4FRFs of a typical subject for the mechanical admittance (**a**, **b**, **c**) and the reflexive impedance (**d**, **e**, **f**) for PT (*thick grey*) and ET_FP (*thin black*) trials at the four co-activation levels (40, 70, 100 and 120). From *top* to *bottom*: magnitude, phase and coherence

### Task instruction: PT versus ET {#Sec18}

A substantial effect of task instruction exists in both the mechanical admittance and reflexive impedance when comparing the co-activation equivalent conditions (i.e., PT and ET_FP~100~). The mechanical admittance gain was larger, and the reflexive impedance gain was lower during ET_FP~100~. These effects were significant for the mechanical admittance (*P* \< 0.001) and reflexive impedance (*P* \< 0.05), both up to 1.5 Hz. Below the eigenfrequency (approximately 4 Hz), the mechanical admittance phase lag and the reflexive impedance phase lead increased during ET_FP~100~. These effects were significant for the mechanical admittance phase (*P* \< 0.001) up to 3.0 Hz and the reflexive impedance phase (*P* \< 0.05) up to 1.5 Hz. All of these effects indicate decreased reflex contributions in ET_FP~100~.

Comparing ET_FP~40~, ET_FP~70~, ET_FP~100~ and ET_FP~120~, higher EMG co-activation levels provided reduced admittance gains (i.e., increased impedance) and higher reflexive impedance gains (i.e., increased reflex contributions). The decreasing effect on mechanical admittance was significant (*P* \< 0.05) up to 3 Hz, and the increasing effect on reflexive impedance was significant (*P* \< 0.05) up to 1.5 Hz. Increasing EMG co-activation reduced the mechanical admittance phase lag and reflexive impedance phase lead. The decreasing effect on mechanical admittance phase lag was significant (*P* \< 0.05) up to 6.4 Hz, with the exception of the 0.5 Hz point which showed no significant effect. The decreasing effect on reflexive impedance lead was significant (*P* \< 0.05) up to 1.5 Hz. Notwithstanding the 0.5-Hz point in the mechanical admittance phase response; these effects indicate a modulation of reflex activity which increased with muscle activation.

### Perturbation type: FP versus PP {#Sec19}

Figure [5](#Fig5){ref-type="fig"} plots the mechanical admittance and reflexive impedance of a typical subject when exposed to both perturbation types during ET~100~ trials. Gain and phase responses were similar for FP and PP trials and no significant effect of perturbation type was found for either the mechanical admittance or the reflexive impedance at any ET level. These results match those observed in the time domain (see Fig. [2](#Fig2){ref-type="fig"}) where force was approximately equal between FP and PP, and indicate that perturbation type had no effect on the intrinsic or reflexive contributions to posture maintenance during ET trials.Fig. 5FRFs of a typical subject for the mechanical admittance (**a**, **b**) and the reflexive impedance (**c**, **d**) for the ET~100~ trials for both force (FP) and position perturbations (PP) as well the PT trial. *Top* plots are magnitude and *bottom* plots are phase

Parametric identification of neuromuscular model {#Sec20}
------------------------------------------------

Given this lack of influence from the perturbation type, the neuromuscular model fitting was limited to only PT, RT and ET conditions where the FP was applied (i.e., six conditions). The optimization procedure yielded a model that accurately captured the dynamics of the system in all conditions. The calculated VAF~*x*~ and VAF~*a*~ for all estimated conditions are provided in Table [2](#Tab2){ref-type="table"}. The VAF~*x*~ was generally quite high (greater than 80%), while the VAF~*a*~ was approximately 20% for all ET conditions and 30% for PT trials. The presence of substantial power at non-excited frequencies inherent within the EMG signals is reflected in the lower VAF~*a*~ values relative to VAF~*x*~. The lower VAF~*a*~ values in ET trials relative to PT trials were attributed to the lower signal-to-noise ratios associated with lower reflexive impedance magnitude. The PT results are an improvement of VAF values described in our previous studies (Schouten et al. [@CR30]) for similar perturbation properties (dominant power up to 1.5 Hz), and this was attributed to the expanded frequency response range used in the parameter estimation as provided by the reduced power region.Table 2Validation results of neuromuscular model fitsConditionVAF~*x*~ (SD) (%)VAF~*a*~ (SD) (%)PT80.6 (±4.1)30.8 (±9.0)RT91.1 (±8.0)N/AET_FP~40~90.3 (±3.2)19.3 (±16.0)ET_FP~70~89.0 (±4.6)19.7 (±15.3)ET_FP~100~88.8 (±4.8)21.8 (±13.2)ET_FP~120~89.3 (±3.8)23.3 (±14.4)

Figure [6](#Fig6){ref-type="fig"} shows the intrinsic muscular arm parameters along with the reflexive parameters for the PT and ET conditions considered in the model fitting. All estimated parameters are summarized in Table [3](#Tab3){ref-type="table"}. The influence of task (i.e., PT vs. ET_FP~100~) was significant for all intrinsic parameters (*P* \< 0.05), which for the arm were reduced in the ET_FP~100~ condition by 11% for stiffness (*k*) and 17% for damping (*b*). The reflexive parameters were affected to a more substantial degree, showing a significant (*P* \< 0.001) influence of task condition where position feedback was effectively eliminated, velocity feedback was reduced by 36% and acceleration feedback was reduced by 39%.Fig. 6Parameter estimation result of the neuromuscular control model for arm intrinsic (**a**, **b**) and reflexive parameters (**c**, **d**, **e**). Mean and standard deviation over all subjects are shown for each parameterTable 3Parameter estimation results of all intrinsic and reflexive parameters; mean and standard deviation (Mean ± SD) over all subjects (*n* = 10) are shown for each parameterParametersPTRTET_FP~40~ET_FP~70~ET_FP~100~ET_FP~120~*t*~*d*~ (s)0.030 ± 0.004*m* (kg)2.23 ± 0.39*k* (N/m)506 ± 305177 ± 40330 ± 247401 ± 294448 ± 327475 ± 351*b* (Ns/m)64 ± 1413 ± 440 ± 1148 ± 4853 ± 1157 ± 13*k*~*h*~ (kN/m)31 ± 125 ± 310 ± 912 ± 1114 ± 1016 ± 14*b*~*h*~ (Ns/m)339 ± 15175 ± 39100 ± 91127 ± 112143 ± 114165 ± 151*k*~*p*~ (N/m)1,348 ± 540--3 ± 2576 ± 34233 ± 33941 ± 376*k*~*v*~ (Ns/m)137 ± 40--51 ± 2270 ± 2482 ± 2580 ± 29*k*~*a*~ (Ns^2^/m)6.6 ± 1.8--2.8 ± 1.23.4 ± 1.43.9 ± 1.44.3 ± 1.7

The influence of ET level was significant for both the intrinsic arm (*P* \< 0.001) and hand grip parameters (*P* \< 0.05), which as expected increased with ET level. Compared to PT, arm stiffness and damping in ET_FP~40~ were 35 and 39% lower, respectively, and even in ET_FP~120~, arm stiffness and damping were 6 and 12% lower, respectively. This is a surprising result considering that ET_FP~120~ trials were meant to produce co-contraction conditions (i.e., intrinsic stiffness and damping) 20% higher than the PT condition. Although the intrinsic arm parameters in ET_FP~120~ were on average lower than those of the PT, three of the ten subjects did produce intrinsic parameters above those obtained in PT. The influence of ET level on position feedback was not significant as it was close to zero for all ET levels. However, the ET level significantly influenced *k*~*v*~ (*P* \< 0.001) and *k*~*a*~ (*P* \< 0.05), both of which increased with ET level.

Discussion {#Sec21}
==========

Position task: comparison with previous work {#Sec22}
--------------------------------------------

A position task with force perturbations requires subjects to decrease joint admittance (i.e., increase stiffness) through the use of co-contraction and reflexes (van der Helm et al. [@CR36]). Joint admittance is further lowered with reduced bandwidth perturbations. When a perturbation contains substantial power at frequencies below the system eigenfrequency (in this study 0.5--1.5 Hz), potential oscillations due to the neural time delay inherent with afferent feedback are avoided and task performance is improved through the use of reflexes. Including frequencies above 1.5 Hz with reduced power facilitates identification across the entire bandwidth of the arm while avoiding reflex suppression and reduced task performance (Mugge et al. [@CR22]). The FRF of our PT in the low-frequency region is comparable to previous studies (van der Helm et al. [@CR36]; Schouten et al. [@CR30]), and the reduced power method now highlights the effect of reflexes during posture maintenance in the form of an oscillatory peak at the eigenfrequency.

The neuromuscular parameters identified here for the shoulder are in the same order of magnitude found in previous studies from our group (van der Helm et al. [@CR36]; Schouten et al. [@CR30]). The value of the time delay (\~30 ms) indicates that the reflexive impedance is dominated by spinal reflexes. The PT condition elicits substantial reflex contributions to the dynamic postural control of the arm. The values of the identified reflexive parameters *k*~*p*~ and *k*~*v*~ are somewhat higher than those found previously. This was attributed to the inclusion of the environmental stiffness (160 N/m), not used in previous experiments, which facilitated an inherently more stable test environment allowing subjects to make more effective use of reflexes in this postural control experiment of the arm.

Under such PT conditions, simulation studies with experimentally validated results have shown that subjects optimize performance (minimizing position variations) and energy consumption (metabolic) to produce consistent levels of static muscle activation (Schouten et al. [@CR28]; van der Helm et al. [@CR36]). The central nervous system weights control effort establishing reflex gain settings in order to maximize performance while maintaining stability. A different strategy seemed to be used when subjects performed ET.

Performance of the EMG task {#Sec23}
---------------------------

In performing ET, subjects demonstrated the ability to easily match the mean co-activation measured in PT trials. The low variations of the co-activation signal indicated that subjects were able to make effective use of the EMG biofeedback to maximize task performance, in this case minimize variations in EMG. Subject task performance was effective across all ET levels, where the co-activation signal variation increased with ET level. This was most likely due to motor noise which is known to increase with muscular contraction effort (Hamilton et al. [@CR10]; Tracy et al. [@CR35]).

A limitation of this study is that the co-activation signal combines the EMG of four muscles (two agonists and two antagonists) allowing subjects to use whatever combination of muscles they perceived to be optimal to complete the task. The majority of subjects favored single muscles using a different muscle usage distribution in comparison with PT. Since no substantial drift (i.e., zero net moment) was observed in the direction of the favored muscle, it is suggested that subjects recruited unrecorded muscles---those which may have been less effective for posture maintenance---to compensate for the favored muscle. This would in turn result in the observed reduction in estimated intrinsic stiffness and damping parameters when comparing the co-activation equivalent PT and ET conditions. Such a response could reflect an optimal control strategy that weighs heavily toward minimizing energy consumption and control effort to complete the task. However, such a muscle recruitment strategy could not be confirmed as no additional muscles were recorded. Regardless, the muscle activation patterns chosen by subjects were consistent across ET levels and perturbation types. Therefore, these task-dependent changes do not detract from the value of these results. In fact, this task is considered a viable method to separate perturbation type from task instruction in an effort to identify the dominant factor.

Perturbation type does not affect joint dynamics {#Sec24}
------------------------------------------------

Task and perturbation type are interrelated; position tasks require a force disturbance and force tasks require a position perturbation. Previous studies (Doemges and Rack [@CR9]; Perreault et al. [@CR25]) identified the opposing nature of typical task-perturbation combinations (position task-force perturbation vs. force task-position perturbations) to have a substantial effect on the reflex contribution to joint admittance. Similar results have been found when varying only task condition across consistent force (Mugge et al. [@CR23]) and position perturbations (Dietz et al. [@CR8]). However, to the knowledge of the authors, no previous attempts have been made to identify the effects of perturbation type across a common task instruction. The lack of significant difference in either of the estimated FRFs during ET_FP and ET_PP trials suggests that the central nervous system did not perceive any difference between the two perturbation types. These results indicate that the effect of task instruction when considering the task-perturbation link is more dominant than perturbation type in the newly developed ET.

Assuming that estimated reflex feedback gains of the ET_PP trials would yield the same results as the ET_FP trials, comparison of these ET results can be made to similar studies in the literature where constant force or EMG level tasks were used in combination with position perturbations (Kearney et al. [@CR15]; Mirbagheri et al. [@CR21]; Cathers et al. [@CR5]). In those studies, it was assumed that velocity feedback plays the dominant afferent role and position feedback was negligible. Our study supports this assumption by estimating position feedback to be zero during our ET trials. However, this further indicates that constant force or EMG level matching tasks with position perturbations represents an experimental condition which does not elicit a functional use of reflexes. Instead, it is suggested that force perturbations with position tasks provide a more appropriate experimental paradigm to investigate reflex contributions to dynamic motor control of the arm.

Position task enhances afferent feedback {#Sec25}
----------------------------------------

Modulation of reflex rather than intrinsic parameters more substantially affected the observed changes in the FRFs (increasing admittance and phase lag, and decreasing resonant frequency and peak) when comparing PT and ET trials. In particular, position feedback was effectively eliminated in the ET_FP~100~ trials, while velocity and acceleration feedback dropped 36 and 39%, respectively, relative to PT. Although it could be argued that the suppression of reflexes aligns with an optimal task performance to minimize the variation of the co-activation signal and maintain a constant level, the low-pass filtering of the displayed co-activation signal at a cutoff of 0.3 Hz was meant to avoid this suppression. The presence of velocity feedback, which in ET_FP~100~ was greater than the intrinsic damping, suggests this was achieved. This combined with the minor increase (\~4%) in the co-activation signal standard deviation observed when perturbations were applied suggests that the co-activation signal produced by subjects truly reflected a state of intrinsic muscular co-contraction.

From a control engineering perspective, the enhanced spindle reflexes during PT (position feedback in particular) are analogous to a position servo, where position feedback is required for optimal performance. In this study, this contribution is significantly enhanced by employing low bandwidth perturbations. On the other hand, during ET (or similarly force tasks) where a steady EMG is preferred, position feedback would only add to the deviations reducing task performance. As a result, subjects actively suppress position feedback during such tasks.

The separate modulation of reflex gains may be possible via two physiological mechanisms: presynaptic modulation or γ-motor neuron modulation. Presynaptic modulation is facilitated by interneurons which inhibit or excite Ia afferents (Stein and Capaday [@CR32]). However, as the Ia afferent contains primarily stretch velocity information and the velocity feedback was shown to decrease only moderately, this effect is unlikely to have facilitated the position feedback modulation. On the other hand, γ-motor neurons activate the intrafusal muscle fibers using separate static (i.e., position) and dynamic (i.e., velocity) pathways (Hulliger et al. [@CR12]). The separate reflex modulation of the position and velocity feedback may therefore have been responsible for responses seen in this study. Similar arguments have been made in studies by Ludvig et al. ([@CR19]) and Ludvig and Kearney ([@CR18]) where through a unique experimental paradigm, subjects were able to voluntarily modulate their reflexes in real time.

The reflex modulation observed with increasing ET levels is similar to the findings of many others (Neilson [@CR24]; Matthews [@CR20]; Kirsch et al. [@CR16]; Cathers et al. [@CR5]; Schouten et al. [@CR30]), in both the FRFs and the reflex gains. Position feedback remained constant and close to zero across all ET levels for each subject, indicating a task-dependent suppression of position feedback without dependence on activation level. The increasing velocity feedback gain on the other hand represents a muscle activation appropriate reflex response (Matthews [@CR20]; Cathers et al. [@CR5]). This study represents the first attempt to separate the position and velocity feedback contributions at different levels of muscle activation and helps explain and confirm the variation seen in many other studies of a similar experimental paradigm as being primarily due to velocity feedback.

Conclusions {#Sec26}
===========

The experiments demonstrate a postural control paradigm of the arm with reflexive and intrinsic stiffness contributions that depend heavily on the task instruction and not on the perturbation type. Position tasks enhance joint impedance and afferent feedback, compared to EMG tasks, which through neuromuscular model fitting was found to result primarily from decreased afferent contributions. Muscle visco-elasticity decreased by approximately 14% in co-activation matching ET trials, possibly due to a different muscle recruitment strategy to minimize energy consumption. Afferent position feedback was suppressed in all ET trials and velocity and acceleration feedback decreased by approximately 37% in co-activation matching ET trials. Concluding, this study indicates that force perturbations with position tasks are a more effective paradigm to study complete dynamic motor control of the arm, while EMG tasks, regardless of perturbation type, tend to reduce the afferent contribution.
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Appendix 1: muscle activation signal {#Sec27}
====================================

The muscle activation signal *a*(*t*) estimates the net amount of force generated using the EMG signals and is used in the non-parametric system identification. A prewhitening filter was applied to the raw measurements to improve the quality of the signals following the procedures of Clancy et al. ([@CR6]). The parameters for the filter (sixth order) were obtained from the power spectral densities of the 25 N isometric push and pull task. The results of all isometric push--pull tasks were then used to estimate the force-to-EMG relationship by linear regression. The total muscle activation was then obtained by summing the scaled rectified prewhitened EMGs of the four muscles according to:$$\documentclass[12pt]{minimal}
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                \begin{document}$$ a(t) = \frac{1}{2}\sum\limits_{i = 1}^{4} {K_{i} \left| {e_{w,i} (t)} \right|} $$\end{document}$$where *K*~*i*~ is the EMG-to-force scale factors for each muscle, being positive for the two anteflexors and negative for the two retroflexors. This equation assumes that the two muscles generating either push or pull have equal relevance and that their mean value represents the total force being generated in that direction.

Appendix 2: model description {#Sec28}
=============================

Figure [7](#Fig7){ref-type="fig"} shows the entire model structure including the external force disturbance, environment and arm. The external force disturbance *D*(*s*) minus the force measured at the handle *F*~*h*~(*s*) was the input for the environment.Fig. 7NMS model *H*~*fx*~(*s*) in conjunction with the environmental model *H*~*e*~(*s*). The external force disturbance *D*(*s*), hand force *F*(*s*), position of the handle *X*(*s*), and muscle activation *A*(*s*) are measured. *H*~*g*~(*s*) represents grip dynamics, *H*~int~(*s*) intrinsic properties, *H*~act~(*s*) activation dynamics, *H*~ref~(*s*) reflexive feedback and *X*(*s*) position of the arm. The *light grey boxH*~arm~(*s*) represents the arm model without grip

The environment was modeled as a second-order mass-spring-damper system which did not vary between conditions$$\documentclass[12pt]{minimal}
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                \begin{document}$$ s = j2\pi f $$\end{document}$. The arm model *H*~arm~(*s*) included the intrinsic parameters captured in *H*~int~(*s*), representing the mass as well as the muscle viscoelasticity which varied per EMG task condition$$\documentclass[12pt]{minimal}
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                \begin{document}$$ H_{g} (s) = b_{h} s + k_{h} $$\end{document}$$Combining the above equations provided the modeled description of *H*~arm~(*s*), which in turn is used to describe the mechanical admittance and reflexive impedance as$$\documentclass[12pt]{minimal}
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